Background
==========

Iron is required by a wide variety of intracellular bacterial pathogens to achieve full virulence. Deprivation of iron in-vivo and in-vitro severely reduces the pathogenicity of *Mycobacterium tuberculosis, Coxiella burnettii, Legionella pneumophila*, and *Salmonella typhimurium*\[[@B1]-[@B4]\]. Attempts to withhold iron by sequestering free iron during infection is a major defense strategy used by many species \[[@B5]\]. Inflammatory signaling cascades during infection lead to a reduction in available free iron and sequestration of iron in the reticuloendothelial system (RES) \[[@B6]\]. On the other hand, iron is needed by host cells for cellular functions and first line defense mechanisms \[[@B7]\]. Iron homeostasis also affects macrophage and lymphocyte effector pathways of the innate and adaptive immune response \[[@B6],[@B8]\].

Iron homeostasis in the macrophage is determined by uptake processes through lactoferrin, transferrin, divalent metal transporter (DMT-1), phagocytosis of senescent erythrocytes, and by export through ferroportin (Fpn1) \[[@B8]\]. Transferrin and its receptor (TfR1) play an important role during infection of macrophages with bacterial pathogens that prefer an intracellular lifestyle. Expression of TfR1 can in turn be modulated by bacterial infections \[[@B9]\]. Intracellular bacteria such as *Mycobacterium tuberculosis*and *Ehrlichia*\[[@B10],[@B11]\] actively recruit TfR1 to the bacterium-containing vacuole. However, the requirement of TfR1 for bacterial pathogenesis has not been directly addressed.

We sought here to determine if iron delivery through the transferrin receptor (TfR1) is essential for the success of two intracellular pathogens with differing intracellular life-styles, *Salmonella typhimurium*and *Francisella tularensis*. *Salmonella typhimurium*represents a well-characterized model intracellular pathogen, which causes typhoid fever in the mouse. *Salmonella*uncouples from the phagolysosomal pathway in macrophages and remains in a protected intracellular niche inside a vacuole \[[@B12]\]. The *Salmonella*-containing vacuole (SCV) interacts with multiple endocytic pathways and avoids its fusion with acidic lysosomes. This is similar to infection with *Chlamydia*, *Legionella*, and *Mycobacteriae*. In contrast, *Francisella tularensis*, causative agent of tularemia and considered a category A biothreat because of its high infectivity and high case-fatality rate when untreated, enters the macrophage in a vesicle, but escapes from its enclosure into the cytosol after lysis of its vesicle within sixty minutes after entry into the host cell \[[@B13]\]. Both *Francisella*and *Salmonella*require iron for successful intracellular proliferation \[[@B14]\]. A *Francisella*operon, *figABCD*, has recently been described as being involved in iron acquisition \[[@B15],[@B14]\]. Recent studies from two groups using random transposon mutagenesis of either *F. tularensis*LVS \[[@B16]\] or *F. novicida*\[[@B17]\] showed that insertions into the *figA, figB, figC*, or *feoB*genes caused reduced virulence of these mutants. While transposon insertions may cause polar effects on downstream genes, these data strongly suggest that expression of these particular gene products is essential for full virulence of *Francisella*species. In addition, expression of certain *F.tularenis*virulence genes is clearly regulated by iron availability \[[@B14],[@B18]\].

After exposure to just a few aerosolized *Francisella*, serum iron decreases very rapidly \[[@B19]\]. Bacteria counteract the host\'s withholding of iron by secretion of iron chelators, which are termed siderophores, or by directly interacting with host iron-binding proteins \[[@B20]-[@B22]\]. The *Francisella figABCDEF*gene cluster (also referred to as *fslABCDEF*\[[@B23]\]) encodes such a siderophore, which belongs to the polycarboxylate family such as produced by *Rhizopus*species \[[@B15],[@B14]\].

All these studies suggest that a delicate balance of the iron available for bacteria and for host cell metabolism and defense strategies has to be achieved during infection. On the bacterial side, many operons responsible for iron acquisition and scavenging have been described. However, much less is known how the host cell modulates its iron homeostasis and how pathogens might actively influence such homeostasis.

Results
=======

Transferrin receptor is required for Francisella intracellular proliferation but not for Salmonella
---------------------------------------------------------------------------------------------------

In order to determine if expression of TfR1 is required for proliferation of *Francisella*and *Salmonella*inside macrophages, siRNA was used to silence the expression of TfR1 in murine macrophages (RAW264.7). Expression of the transferrin receptor was suppressed significantly 48 h after transfection with siRNA as measured by fluorescence microscopy and immunoblotting (Figure [1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}). Our transfection efficiency for siRNA was 63% (+/- 7%), which was determined by counting cells, which had taken up siRNA labeled with the red fluorescence dye Alexa Fluor 555 (Figure [1A](#F1){ref-type="fig"}). Transfected cells appear to have an almost complete reduction of TfR1 (Figure [1A](#F1){ref-type="fig"}). Thus, the residual expression of transferrin receptors seen by immunoblot (Figure [1B](#F1){ref-type="fig"}) is most likely due to non-transfected cells.

![***Francisella*, but not *Salmonella*requires TfR1 for proliferation inside macrophages**. A. RAW264.7 macrophages were transfected with siRNA (coupled to Alexa Fluor 555, red fluorescence) specific for TfR1 or as control with random siRNA (no red fluorescence). After 48 h cells were fixed and processed for immunofluorescence with a mouse anti-TfR1 antibody followed by an Alexa488 conjugated goat-anti-mouse IgG (green fluorescence). Overlay of both fluorescence channels is shown. B. Proteins were solubilized from transfected and infected cells as above, separated on a 9% SDS-PAGE, transferred to Westran membranes, and immunoblotted with antiserum to TfR1. Visualization was by chemiluminescence C. RAW264.7 macrophages were transfected with TfR1-siRNA or with random siRNA (control). 48 h cells after transfection cells were infected with *Francisella*for 2 h or 24 h. The number of intracellular bacteria was obtained by plating a lysate of the host cells on chocolate agar plates for colony-forming units (cfus). Means of triplicate experiments +/- 1 standard error of mean are shown. D. RAW264.7 cells were treated as in C and then infected with *Salmonella*for 2 h or 24 h. The number of intracellular bacteria was determined as in C. Means of triplicate experiments +/- 1 standard error of mean are shown.](1471-2180-10-64-1){#F1}

Macrophages (RAW264.7) transfected with TfR1-siRNA were infected with *Francisella tularensis subspecies holarctica*vaccine strain (*F. tularensis*LVS) or wild-type *Salmonella typhimurium*(ATTC 14208). *F. tularensis*LVS has been developed from fully virulent type B *Francisella*strains. It is attenuated in humans, but virulent in a mouse model \[[@B24]\]. After two hours of infection, there was no difference in the number of intracellular *Salmonella*(p = 0.91) or *Francisella*(p = 0.89) between non-transfected and transfected macrophages (Figure [1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}). This suggests that expression of TfR1 does not affect bacterial entry processes. *Francisella*, however, failed to proliferate in macrophages in which expression of the transferrin receptor was suppressed (Figure [1C](#F1){ref-type="fig"}; p = 0.005). The amount of *Francisella*recovered after 24 h most likely represents growth in macrophages which could not be transfected with siRNA. In contrast, intracellular proliferation of *S. typhimurium*was not affected by the lack of TfR1 (Figure [1D](#F1){ref-type="fig"}; p = 0.89). Addition of lactoferrin - chelated iron (Fe content \>0.15% w/w, final lactoferrin concentration of 0.01 mg/ml) as external iron source to macrophages with suppressed TfR1 rescued the proliferation of *Francisella*at intermediate levels (data not shown).

Spatial relationship of transferrin receptor and Francisella-containing vacuole
-------------------------------------------------------------------------------

Some intracellular pathogens have devised ways to attract transferrin receptors to the intracellular vesicles they reside in \[[@B11]\]. When *Salmonella*enters macrophages, it localizes to an early endosome that is characterized by EEA1 and recruitment of the transferrin receptor (TfR1). As the *Salmonella*-containing vacuole matures and acquires markers of late endosomes (Rab7, Rab9), it also loses TfR1 \[[@B25],[@B26]\].

*Francisella*differs from *Salmonella*by escaping early during infection from its endosomal environment. Since little is known about TfR1 in macrophages infected with *Francisella*, we investigated the role of the transferrin receptor during infection and its relation to the maturation of the *Francisella*-containing vacuole (FCV). Murine macrophages (RAW264.7) were infected with *Francisella*LVS that constitutively expressed Gfp. At defined time intervals, infected cells were fixed and prepared for immunostaining. This demonstrated that early during entry (15 and 30 minutes after infection), there is significant co-localization of FCV and TfR1 (Figure [2A](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}). As *Francisella*is trafficking away from the cell membrane during the time course of the infection, the co-localization with TfR1 is lost (Figure [2B](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}; p = 0.88 for comparison of 15 and 30 minutes timepoints, p = 0.006 for 30 and 45 minute timepoints, and p = 0.61 for 45 and 60 minute timepoints (Student\'s t-test).

![**Transferrin receptor TfR1 and Rab5, but not Rab7, co-localize with *Francisella***. Macrophages (RAW264.7) were infected with *Francisella*that constitutively expressed green fluorescence protein (Gfp). At defined time intervals of infection, cells were fixed and stained with goat anti-TfR1 (A, B), with rabbit anti-Rab5 (C), or goat anti-Rab7 (D), followed by reaction with goat-anti-rabbit or rabbit-anti-goat IgG conjugated to Alexa594 (red fluorescence). Representative confocal images for thirty minutes of infection from twenty *z*-stacks acquired at 0.2 μm intervals are shown for each fluorescence channel, which were then merged using Volocity 4.1 software package (Improvision). E. The colocalization of Francisella with TfR1, Rab5, or Rab7 is described quantitatively for each time point by analyzing 100 infected cells from triplicate independent infection experiments. Means +/- 1 standard error of mean (SEM) are shown.](1471-2180-10-64-2){#F2}

Early recycling endosomes are characterized by carrying TfR1, EEA1, and Rab5, while excluding Rab7 unless they are destined for further trafficking along the lysosomal degradation pathway \[[@B27]\]. Macrophages infected with *Francisella*were stained with antisera to Rab5 and Rab7. This demonstrated that *Francisella*very early on at the membrane recruits Rab5 (Figure [2C](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}; p = 0.09 for 15 and 30 minutes). Colocalization of Francisella and Rab5 decreases over time as Francisella escapes from the vacuole (Figure [2E](#F2){ref-type="fig"}; p = 0.03 for comparison of 30 and 45 minutes, p = 0.83 for 45 and 60 minutes, Student\'s t-test). However, there is no co-localization with Rab7-containing vesicles (Figure [2D](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}; p = 0.88 for comparison of 15 and 30 minutes, p = 0.91 for 30 and 45 minutes, p = 0.89 for 45 and 60 minutes, Student\'s t-test).

These findings suggest that *Francisella*enters through an early endosome, which is characterized by carrying TfR1 and Rab5. The *Francisella*-containing vacuole does not mature further by acquiring Rab7 and does not retain TfR1. This is most likely due to exit from the vacuole \[[@B13]\] rather than to trafficking to a different vesicle environment with concomitant loss of TfR1.

Infection of macrophages with Francisella upregulates transferrin receptor
--------------------------------------------------------------------------

Expression of TfR1 remains unchanged during infection with wild-type *Salmonella*\[[@B28]\]. However, when expression of the transferrin receptor in uninfected macrophages was compared by microscopy to the expression in cells infected with *Francisella*, it became evident that *Francisella*-infected macrophages have a higher level of transferrin receptor expression (Figure [3A](#F3){ref-type="fig"}). This was confirmed by comparing the expression level of the transferrin receptor in *Francisella*-infected macrophages to the level found in uninfected cells by immunblotting at one hour and twenty-four hours after infection (Figure [3B](#F3){ref-type="fig"}). We also tested the expression level of transferrin receptor in cells, which had taken up formalin-fixed *Francisella*. This did not lead to a comparable upregulation of TfR1 (Figure [3B](#F3){ref-type="fig"}). Synthesis of the transferrin receptor is mainly regulated at the translational level as a response to the iron level or to other inputs. Indeed, after two hours of infection there was no increase in the mRNA level for Tfr1 as determined by real-time RT-PCR (Figure [3C](#F3){ref-type="fig"}; p = 0.29). However, after 24 h of infection, the mRNA level for TfR1 had more than doubled (Figure [3C](#F3){ref-type="fig"}; p = 0.002).

![**Infection with *Francisella*increases expression of transferrin receptor**. A. RAW264.7 macrophages were infected with *Francisella*that constitutively expressed Gfp. After 2 h infected cells were fixed and processed for immunofluorescence with a mouse anti-TfR1 antibody followed by an Alexa594 conjugated goat-anti-mouse IgG (red fluorescence). Single confocal planes for merged fluorescence channels are shown. B. RAW264.7 cells were infected with live or formalin-inactivated *Francisella*(dead) for two and twenty-four hours. Immunoblotting of solubilized proteins was done with mouse anti-TfR1 and mouse anti-GAPDH as control. Visualization was by chemiluminescence. C. mRNA levels for TfR1 in RAW264.7 macrophages were determined after 2 or 24 h of infection with *Francisella*by quantitative light cycler PCR; levels are normalized to GAPDH-mRNA levels. Means of n = 6 experiments +/- 1 standard error of mean (SEM) are shown.](1471-2180-10-64-3){#F3}

Increased level of transferrin receptor in infected cells can increase the labile iron pool
-------------------------------------------------------------------------------------------

An increased TfR1 expression could translate into enhanced transferrin-mediated delivery of iron into the host cell and increased iron availability for *Francisella*. For *Francisella*, this could be accomplished by transferrin directly binding to the bacterial cell surface via a transferrin-binding protein, as has been described for other, mostly extracellular bacteria \[[@B20]\]. Search of the *Francisella*genome did not reveal any homologue to transferrin-binding proteins ((S.Daefler, unpublished observation). We could also experimentally verify that apo-transferrin and holotransferrin do not bind to *Francisella*(data not shown).

We therefore asked if the increased expression of TfR1 correlates with an increase of iron delivery to the host cell. In most cells, uptake of transferrin-bound iron leads to fast delivery into the cytosolic labile iron pool, which can be operationally defined as the cell chelatable pool that includes Fe^2+^and Fe^3+^associated with ligands such as organic anions, polypeptides, or surface membrane components \[[@B29]\]. The labile iron pool (LIP) composes the metabolically active and regulatory forms of iron \[\[[@B29],[@B30]\], Breuer et al., 2007, Int J Biochem Cell Biol\]. A sensitive way to measure the labile iron pool without cell disruption is the use of a membrane permeable fluorescent probe such as calcein. Calcein rapidly forms a complex with iron in a 1:1 stoichiometry. This results in quenching of the green fluorescence of calcein. When cells are loaded so that there is a minor excess of free fluorescent calcein, an increase in the LIP will result in a decrease of the fluorescence signal \[[@B31]\], whereas the total cell-associated LIP can be determined after dequenching of the fluorescence signal with a cell-permeant Fe-chelator \[[@B29]\].

Macrophages were infected with *Francisella*for two and twenty-four hours or left uninfected as control. After loading with calcein, cells were exposed to holotransferrin as delivery vehicle for iron while the fluorescence signal was measured. In macrophages infected with *Francisella*, there is a rapid iron uptake as determined by the slope of the fluorescence quenching, which is steeper than in the control sample (uninfected cells) (Figure [4A, 4B](#F4){ref-type="fig"}, and [4D](#F4){ref-type="fig"}; p = 0.0002 for 2 h infection, p = 0.002 for 24 h infection, Student\'s t-test). Infected macrophages also appear to at least transiently increase the LIP more than uninfected cells, as evidenced by the amplitude of fluorescence quenching (Figure [4A, 4B](#F4){ref-type="fig"}, and [4C](#F4){ref-type="fig"}; p = 0.003 for 2 h infection, p = 0.001 for 24 h infection, Student\'s t-test). This observation is consistent with an increased number of TfRs on the cell surface, allowing an increased uptake at a faster rate of iron into the cell. The iron measured here is at least temporarily available as soluble iron and should thus be readily available for uptake by *Francisella*. In contrast, when we measured the LIP of macrophages whose TfR1 expression has been suppressed by siRNA, we found a decreased LIP (Figure [4C](#F4){ref-type="fig"}; p = 0.001) and a decreased rate of iron uptake (Figure [4D](#F4){ref-type="fig"}; p = 0.001).

![**Transferrin-mediated delivery of iron increases the labile iron pool in *Francisella*-infected cells more efficiently than in uninfected cells**. RAW macrophages were infected with *Francisella*LVS for 2 h (A) or 24 h (B) or left uninfected (control) and then loaded with Calcein-AM. The cell suspension was maintained at 37°C in a fluorometer. After stabilization of the fluorescence signal, holo-transferrin was added to the solution (t = 0) and the fluorescence signal recorded at one-second intervals. A decrease in the fluorescence indicates chelation of incoming iron with calcein, the amount of which is proportional to the slope and amplitude of the fluorescence signal. Results of triplicate measurements from triplicate experiments (n = 9) as described in A and B were analyzed for total amount of iron acquired as measured by arbitrary fluorescence units (C) and velocity of iron acquisition as measured by the change of fluorescence over time (D). Total iron and rate of iron uptake was also analyzed for macrophages whose TfR1 expression was suppressed by siRNA (siRNA TfR1 in Figure 4C and 4D). Measurements were made 24 h after transfection of uninfected macrophages (RAW264.7) with siRNA. All Values are given as means +/- 1 standard error of mean (SEM).](1471-2180-10-64-4){#F4}

Labile iron pool during infection with Francisella or Salmonella
----------------------------------------------------------------

While increased expression of TfR1 leads to an increase in the labile iron pool when exposed to iron-loaded transferrin, the overall labile iron pool (LIP) of the host cell can be affected in many different ways during infection. We therefore assessed the LIP during infection with *Francisella*by using the calcein method as described earlier \[[@B29]\] and compared it to the LIP during infection with *Salmonella*. After two hours of infection with *Francisella*and *Salmonella*there was a 10-25% increase in the labile iron pool (Figure [5](#F5){ref-type="fig"}; p = 0.01 for *Francisella*, p = 0.002 for *Salmonella*). Over the next twenty-two hours, macrophages infected with *Francisella*maintained an increased iron pool (Figure [5](#F5){ref-type="fig"}; p = 0.008 for 8 h, p = 0.002 for 16 h, and p = 0.005 for 24 h), whereas those infected with *Salmonella*showed a persistently decreasing iron pool (Figure [5](#F5){ref-type="fig"}; p = 0.002 for 8 h, p = 0.04 for 16 h, and p = 0.03 for 24 h).

![**Labile iron pool in macrophages during infection with *Francisella*and *Salmonella***. RAW264.7 macrophages were infected for 2 h, 8 h, 16 h, and 24 h with wild *Francisella*(FT), wild-type *Salmonella*(ST), *spiA Salmonella*(ST/spiA), or *spiC Salmonella*(ST/spiC). Labile iron pool was determined with the calcein method as described in detail in Materials and Methods. Measurements were in arbitrary fluorescence units standardized to uninfected samples. Data shown are the deviation in percentage from uninfected samples from triplicate experiments. Results are expressed as means +/- 1 standard error of mean (SEM).](1471-2180-10-64-5){#F5}

We also measured changes in the labile iron pool during infection with two isogenic mutant *Salmonella*strains, *spiA*and *spiC*, which have intracellular trafficking deficits associated with reduced intracellular proliferation and avirulence in mice. These strains carry two different deletions in the SPI-2 type III secretion system (*spiA*and *spiC*) \[[@B32],[@B33]\]. The rationale for using these strains in our experiments was to investigate if different subcellular localizations of a given pathogen can lead to different patterns in iron acquisition. After two hours of infection, the labile iron pool was increased similar to macrophages infected with wild-type *Salmonella*(Figure [5](#F5){ref-type="fig"}; p = 0.001 for *spiA Salmonella*, p = 0.002 for *spiC Salmonella*). After twenty-four hours, *spiC Salmonella*gradually decreased the iron pool similar to infection with wild type (Figure [5](#F5){ref-type="fig"}; p = 0.02 for 8 h, p = 0.02 for 16 h, p = 0.001 for 24 h). In contrast, the labile iron pool initially decreased and then remained unchanged during infection with *spiA Salmonella*(Figure [5](#F5){ref-type="fig"}; p = 0.02 for 8 h, p = 0.45 for 16 h, p = 0.56 for 24 h).

Iron-related gene expression in macrophages infected with Salmonella or Francisella
-----------------------------------------------------------------------------------

Acquisition of iron through TfR1 requires expression of accessory gene products (Steap3, Dmt1) and can be countered by increased iron export (Fpn1) or scavenging of iron by the lipocalin system (Lcn2, LcnR). Induction of innate immune responses during infection can modulate iron homeostasis pathways through induction of hepcidin (Hamp1) and Lcn2. The expression of such genes and selected other genes that are involved in the homeostasis of host cell iron levels were investigated by real-time RT-PCR during infection with *Francisella*and compared to the expression profile of host cells during infection with *Salmonella*.

There are two main eukaryotic iron-regulatory proteins, IRP1 and IRP2, which sense changes in the labile iron pool and secondary signals associated with redox active species. They both act post-translationally by stabilizing their respective target mRNA and by affecting initiation of translation. While expression of IRP-2 is increased by *Salmonella*and *Francisella*(p = 0.003 and p = 0.002 respectively), IRP1 is strongly induced only in *Francisella*-infected cells (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}; p = 0.0001 for *Francisella*, p = 0.02 for *Salmonella*).

![**Expression of genes involved in iron homeostasis during infection with *Francisella*or *Salmonella***. RAW264.7 macrophages were infected for 24 h with wild-type *Francisella*(A), wild type *Salmonella*(B), *spiC Salmonella*(C), or *spiA Salmonella*(D). Quantitative mRNA levels were determined by quantitative light cycler PCR for: iron-regulatory protein 1 (IRP1), iron regulatory protein 2 (IRP2), ferrireductase (Steap3), transmembrane iron transporter (Dmt1), lipocalin (Lcn2), lipocalin receptor (LcnR), ferroportin (Fpn1), antimicrobial peptide hepcidin (Hamp1), heme oxygenase (Hmox1), ferritin heavy chain 1(Fth1), ferritin light chain 1 (Ftl1), and ferritin light chain 2 (Ftl2). Measurements were standardized to GAPDH-mRNA levels for each experiment. Values shown represent the ratio of mRNA for a given gene in infected cells divided by the mRNA level in uninfected cells (mRNA infected/mRNA uninfected). Statistically significant expression data are shown by solid bars (Student\'s t-test, p \< 0.05 is considered as significant; individual p-values are given in the text). Results from n = 6 experiments are expressed as means +/- 1 standard error of mean (SEM).](1471-2180-10-64-6){#F6}

After uptake of iron via TfR1 and acidity-triggered release into the vesicle, ferric iron needs to be reduced, which is accomplished by the ferrireductase Steap3 \[[@B34]\]. After reduction, ferrous iron is transported into the cytosol by Dmt1 or functional Nramp1 \[[@B35],[@B36]\]. There is a fivefold higher induction of Steap3 and Dmt1 during infection with *Francisella*(p = 0.0001) when compared to infection with wild-type *Salmonella*(p = 0.67) (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}).

Infected host cells can restrict the intracellular iron pool available for intracellular parasites by transporting iron out of the cells via ferroportin 1 (Fpn1), a transmembrane iron efflux protein \[[@B37]\]. While Fpn1 is increased 2.5-fold in macrophages infected with *Francisella*(p = 0.02), there is no change during infection with *Salmonella*(p = 0.46) (Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}).

During infection with bacteria, hepatocytes secrete the antimicrobial peptide hepcidin (Hamp1), which binds to ferroportin on macrophages (and other cell types). This leads to internalization and degradation of ferroportin and entrapment of iron inside the cell. It was also shown recently that hepcidin is induced in myeloid cells through the TLR-4 pathway and regulates ferroportin levels at the transcriptional and post-translational level \[[@B38]\]. Hepcidin thus effectively reduces iron efflux \[[@B39]-[@B41]\]. There is a two-fold stronger induction of hepcidin during infection with *Salmonella*when compared to infection with *Francisella*(Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}; p = 0.001 and p = 0.01 respectively). This might be explained by *Francisella*LPS preferentially stimulating the TLR-2 pathway, while *Salmonella*LPS induces the TLR-4 pathway \[[@B42]\].

The lipocalin system provides the host with another way of scavenging iron or withholding it from bacteria \[[@B43]\]. The host protein lipocalin (Lcn2) can interact with bacterial siderophores and has now been recognized as an important arm of the innate immune response after its production is stimulated by recognition of bacteria through TLR-4 pathways \[[@B44]\]. Lcn2 is induced twofold in cells infected with *Francisella*(p = 0.01), but more than 15-fold when cells are infected with *Salmonella*(p = 0.002). This might again be expected because of the strong induction of the TLR-4 pathway by *Salmonella*in comparison to the preferred TLR-2 induction by *Francisella*. *Salmonella*, however, do not raise mRNA levels for the lipocalin receptor (LcnR), which are significantly increased in *Francisella*-infected macrophages (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}).

Heme oxygenase (HO-1, Hmox1) catalyzes the conversion of heme to biliverdin, iron, and carbon monoxide. In macrophages it has an important antioxidative protective function, presumably by reducing pro-oxidant or pro-apoptotic hemoproteins \[[@B45],[@B46]\]. Not unexpectedly, the mRNA level for Hmox1 is increased in macrophages infected by *Francisella*and *Salmonella*(Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}; p = 0.002 and p = 0.002 respectively).

None of the components of the ferritin iron storage system are affected by infection with *Salmonella*or *Francisella*as measured by determining the expression of Fth1 and Ftl1 (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}; p = 0.91 and p = 0.90 for *Francisella*and p = 0.88 and p = 0.78 for *Salmonella*).

These gene-expression data suggest that *Francisella*drives a more active transferrin-mediated iron uptake program than *Salmonella*. Increased mRNA levels for IRP1 and IRP2 maintain increased translational levels for TfR1. Induction of genes required for transfer of iron to the cytosol via Dmt1 and Steap3 support the TfR1-mediated import route. Preferential induction of the TLR-4 pathway by *Salmonella*leads to a strong induction of hepcidin and lipocalin.

We further sought to characterize the expression profile of these iron-homoestasis-related genes in the *spiC*and *spiA Salmonella*mutants, which lead to variable alterations in the LIP (Figure [5](#F5){ref-type="fig"}). Both mutant strains have a higher increase in the Steap3/DMT1 genes than wild-type *Salmonella*(p = 0.01 and p = 0.001 for *spiA Salmonella*, and p = 0.01 and p = 0.003 for *spiC Salmonella*), while the induction of the iron-regulatory proteins IRP1 and IRP2 are lower (p = 0.02 for IRP1 and p = 0.02 for IRP2 in *spiA Salmonella*; p = 0.35 for IRP1 and p = 0.02 for IRP2 in *spiC Salmonella*). While TLR-4 driven induction of lipocalin is maintained in the mutant strains (p = 0.002 for *spiA*and p = 0.001 for *spiC Salmonella*), there is no induction of hepcidin (p = 0.89 and p = 0.78 respectively). The iron exporter Fpn1 is increased threefold in the *spiC*mutant (p = 0.01), while there is no increase in the *spiA*mutant (p = 0.78) (Figure [6C](#F6){ref-type="fig"} and [6D](#F6){ref-type="fig"}). This might be one possible explanation for the decrease in the labile iron pool in the *spiC*mutant in comparison to the *spiA*mutant (Figure [5](#F5){ref-type="fig"}). These findings suggest that distinct bacterial gene mutations with associated aberrant intracellular trafficking can affect the expression of iron homeostasis genes in the host cell.

Discussion
==========

We have characterized two different phenotypes of host cell and intracellular bacterial pathogen behavior in relation to host cell iron metabolism and bacterial iron requirements. *Francisella*drives an active iron acquisition program through the transferrin receptor TfR1 with a sustained increase in the host cell labile iron pool. Since *Francisella*depends on expression of TfR1 for intracellular survival, it might need an increased host cell iron level for its own metabolism and might be able to efficiently counteract increased production of host cell reactive redox species. *Salmonella*, on the other hand, does not require TfR1 for growth inside its host cell, lacks a strong induction of gene products aimed at facilitating iron import via TfR1, and negotiates a decreased iron level in the host cell. This might be explained by *Salmonella*\'s intracellular localization within an endosomal structure or perhaps by more efficient iron acquisition strategies. The distinction of these two phenotypes will allow further characterization and understanding of eukaryotic iron metabolism and its modulation by intracellular bacteria.

*Francisella*enters macrophages inside an early endosome, from which it later escapes into the cell cytosol \[[@B13]\]. We have provided corroborating evidence that entry occurs in an early endosome with recruitment of TfR1 and Rab5, but no acquisition of Rab7, which is a prerequisite for further maturation in the phagolysosomal trafficking pathway. In this study we have demonstrated a very early co-localization of TfR1 and *Francisella*at the cell surface. This suggests that TfR1 is recruited during the entry process rather than by successive fusion of *Francisella*-containing vesicles with TfR1-carrying endosomes. Such a process differs from *M. tuberculosis*-containing vesicles, which recruit TfR through endosome fusions during infection of the host cell \[[@B11]\].

Increased expression of the transferrin receptor has been shown previously during infection with *Ehrlichia*, *Chlamydia*, and *Coxiella*, while reduced or unaltered expression was observed during infection with *Salmonella*and *Legionella*\[[@B28],[@B47]\] as a means of host defense by restricting the iron available for the invading pathogen. In fact, decreased expression of TfR1 in a patient due to a chronic inflammatory condition (with increased IFN-γ production) proved non-permissive for infection with *Legionella*\[[@B48]\]. Infection with *Ehrlichia chafeensis*and *E. sennetsu*changes the binding affinities for IRP-1 during the first hours of infection with a concomitant increase in levels of transferrin receptor. This is followed by a response at the transcriptional level of transferrin receptor mRNA at 24 h of infection \[[@B10]\]. Similar to our observations with *Francisella*, these effects require viable *Ehrlichia*and cannot be caused by the Human Granulocytic Ehrlichiosis Agent. While *Francisella*shows a very early and intense colocalization with TfR and then escapes from the vesicle, *Ehrlichia*remains in a membranous compartment, which is characterized by Rab5 and EEA1 and only over time recruits TfR1 \[[@B49]\]. While our studies did not address the mechanisms by which *Francisella*increases the expression of TfR1, we speculate that a disruption of the host cell home iron homeostasis system causes the cell to sense a low iron balance with subsequent initiation of an active iron acquisition program. We cannot rule out that some bacterial product directly or indirectly through intermediates of inflammation affects IRP-1 binding affinities or that other yet uncharacterized cytokine activation pathway triggered by the infection play a role.

While it is known that TfR1 transports Fe-loaded transferrin to the bacterium-containing vesicle, it is not at all clear that iron delivered in this way can be utilized by bacteria. For *M. tuberculosis*it could be demonstrated that Fe delivered by transferrin can be utilized \[[@B50]\]. Based on the kinetics of Fe delivery it was calculated, however, that at least a portion of the Fe delivered by transferrin is first delivered to the cytosol, presumably through the action of DMT1 \[[@B51]\]. While siderophores clearly play a role, it could also be demonstrated that these exochelins cannot directly remove Fe from transferrin \[[@B52]\]. It has also not been shown if such siderophores could actually transverse the endosome membrane. Our data demonstrate that *Francisella*actively upregulates TfR1, which leads to an improved delivery of iron into the labile intracellular iron pool. In contrast to *Salmonella*, *Francisella*also drives an active iron acquisition program with upregulation of accessory iron metabolic genes such as the iron transporter Dmt1 and the ferrireductase Steap3, which all serve to promote the import of iron from TfR1 to the cytosol. We propose that *Francisella*can directly exploit the concomitant increase in LIP during infection, whereas such an increase would be of little benefit to *Salmonella*with a preferentially endosomal location.

A recent study has examined the expression profile of selected iron-homeiostasis genes and iron-loading of ferritin in murine macrophages during infection with *Salmonella*\[[@B28]\]. While their findings agree with ours with regard to the upregulation of Lcn2, Hmox1, and Hamp, the authors could not find a significant increase in Dmt1, but did see an increase in Fpn1. This correlated with their observation of increased iron efflux from infected cells and decreased iron content of ferritin. Some of the differences between our data and theirs might be explained by their use of a particular *Salmonella*strain (C5RP4). Of particular interest in this context is that the *spiC Salmonella*mutant strain used in our studies behaves quite similiar to the C5RP4 strain by demonstrating an increase in Fpn1 (Figure [6D](#F6){ref-type="fig"}). It is thus conceivable that the *Salmonella*strain employed by Nairz and colleagues carries distinct uncharacterized gene mutations or phenotypes. Our assessment of the labile iron pool after infection with *Salmonella*after 24 h shows a decrease (Figure [5](#F5){ref-type="fig"}) and agrees with the findings reported by Nairz \[[@B28]\].

Conclusions
===========

Iron acquisition and utilization by microbes is of critical importance for bacterial pathogenesis. Defects in the bacterium\'s ability to efficiently scavenge iron and use it in its metabolism usually lead to avirulence. However, little is known how bacteria might modulate the iron handling properties of their host cells.

We identified two distinct iron-handling scenarios for two different bacterial pathogens. *Francisella tularensis*drives an active iron acquisition program via the TfR1 pathway program with induction of ferrireductase (Steap3), iron membrane transporter Dmt1, and iron regulatory proteins IRP1 and IRP2, which is associated with a sustained increase of the labile iron pool inside the macrophage. Expression of TfR1 is critical for *Francisella\'s*intracellular proliferation. This contrasts with infection of macrophages by wild-type *Salmonella typhimurium*, which does not require expression of TfR1 for successful intracellular survival. Macrophages infected with *Salmonella*lack significant induction of Dmt1, Steap3, and IRP1, and maintain their labile iron pool at normal levels.

Methods
=======

Bacterial strains, cell lines, growth conditions, and plasmids
--------------------------------------------------------------

*Francisella tularensis subspecies holarctica*vaccine strain (*F. tularensis*LVS, army lot 11) was generously provided to us by Dr. Karen Elkins (FDA). *F. tularensis*LVS was transformed with plasmid pFNLTP6 *gro-gfp*to produce a *Francisella*strain constitutively expressing green fluorescent protein (SD833). Wild-type *Salmonella*strain ATCC 14028 was used. *Salmonella*mutant strains *spiC::kan*(EG10128) and *spiA::kan*(EG5793) are isogenic derivatives \[[@B32]\]. *Francisella*was grown on chocolate II agar enriched with IsoVitaleX (BD Biosciences, San Jose, CA) for 40-48 hrs at 37°C. For liquid medium, we used Mueller-Hinton broth supplemented with IsoVitaleX. *Salmonella*strains and *E.coli*XL-1 were grown at 37°C with shaking in LB broth without glucose or on LB plates \[[@B53]\]. When indicated antibiotics were present (in μg/ml) at: kanamycin, 50; chloramphenicol, 50; for *Francisella*, kanamycin was used at 10 μg/ml.

RAW264.7 murine macrophages were obtained from ATCC (TIB-71). Dulbecco\'s Modification of Eagle\'s Medium (DMEM; Cellgro) was supplemented with 10% fetal bovine serum (Hyclone, not heat-inactivated) and penicillin (100 I.U./ml) and streptomycin (100 μg/ml). When cells were used for *Francisella*infection assays, no antibiotics were added 24 h prior to infection. Cells were grown at 37°C and 5%CO2.

A shuttle plasmid which encodes Gfp under the control of the *groE*promoter (pFNLTP6 *gro-gfp*) was kindly provided to us by Dr. Zahrt \[[@B54]\]. It carries a kanamycin antibiotic resistance marker.

Infection Assay
---------------

Several colonies of F. *tularensis*LVS were collected, washed twice with sterile phosphate buffer at pH 7.0 (PBS, Mediatech Inc \#46-013-CM), and dispersed in cell culture complete medium for 15 minutes. Multiplicity of infection was adjusted to 10 using a standardized calibration curve of OD~600~/colony-forming units (cfu). Bacteria were added to host cells at 60-80% confluency in 12-well dishes. At a given timepoint after the infection, host cells were washed repeatedly with warm PBS. If indicated, remaining extra-cellular bacteria were killed by the addition of 10 μg/ml of gentamicin to DMEM (37°C, 5% CO2) for 60 minutes. Time points given in the text for infection include this 60 minute time period of culture in the presence of gentamicin, except when infected cells were processed for immunostaining. Gentamicin was removed by washing in DMEM. Infected cells were resuspended in complete tissue culture medium without addition of antibiotics. After a given time of infection, cells were lyzed in 0.5% N-octyl β-glucopyranoside (Bioscience). Serial dilutions of cell lysates were plated on Chocolate II agar and incubated at 37°C for at two days. Infection with *Salmonella*was performed as described \[[@B55]\]. Comparison of infection results were analyzed by the Student\'s t-test, p \< 0.05 was considered significant.

Immunostaining
--------------

Macrophage cell lines were grown on sterile coverslips in Petri dishes (6- or 12-well plates). Cells were infected with *Francisella*as described above, except that the step of killing extracellular bacteria with gentamicin was substituted by washing of adherent cells with DMEM three times. At indicated time points, cells on coverslips were fixed in 4% paraformaldehyde solution (Polysciences, \#18814) for 10 minutes, washed with PBS and permeabilized in 0.1% Triton × 100 (Shelton Scientific IB07100) in PBS for 15 minutes. Reaction with antisera was performed in 0.05% TWEEN20/PBS for one hour at room temperature. Stained and dried coverslips were mounted on glass slide using Gold antifade medium (Invitrogen, \#P36930) and sealed with nail polish

Antiserum to TfR1 was goat polyclonal IgG (SantaCruz sc 7087), to Rab5, rabbit polyclonal IgG (Santa Cruz SC-309) and to Rab7, goat polyclonal IgG (SC11303). Antibodies were used at a dilution of 1:500. Visualization was with staining with a goat-anti-rabbit or rabbit-anti-goat IgG conjugated to Alexa 594 (Invitrogen).

Microscopy
----------

A Leica AOBS laser scanning microscope was used for all fluorescence microscopy. Images were acquired using Leica software. Analyses of images was with Volocity software (Volocity 4.1 Imporvision Inc., Lexington, MA). Overlap of individual fluorescence pixels from separate channels for each optical plane was determined with the Volocity 4.1 colocalization module. When results were quantified, 100 cells from randomly selected fields were evaluated. All cells found in a given field were analyzed, except for cells with obvious signs of cell death (detachment, ballooning), which were excluded (in general \< 5%). Results are reported as the percentage of 100 cells analyzed. Groupwise comparison was made by the Student\'s t-test, p \< 0.05 was considered significant.

RNA interference
----------------

Two siRNAs for TfR1 (Tfrc_4 (TACCCATGACGTTGAATTGAA), and Tfrc_1 (ATCGTTAGTATCTAACATGAA)) were designed using proprietary software and synthesized. Both had 3\' modifications with Alexa Fluor 555. Transfection of macrophages was accomplished with Lipofectamine 2000 according to the manufacturer\'s instruction. Only Tfrc1 had significant activity (data not shown) and was used for all further studies

Real-time RT-PCR
----------------

Total RNA was isolated and digested with DNAse using the Microto-Midi Total RNA Purification System (Invitrogen, catalog no. 12183-018) according to the product instructions. RNA concentrations were determined by a RiboGreen assay (Molecular Probes, Carlsbad, CA; catalog no. R11490). Primer design was performed with the eXpress Profiling Suite software (Beckman) and mRNA sequences from the GenBank database. Uniqueness and specificity of each primer was verified using the Basic Local Alignment Search Tool <http://www.ncbi.nlm.nih.gov/blast> returning Genbank accession numbers. Primers are listed in Table [1](#T1){ref-type="table"}.

###### 

Primers used for real-time RT PCR

  Gene     Accession number         Forward primer (5\' → 3\')               Reverse Primer (5\' → 3\')
  -------- ------------------------ ---------------------------------------- -----------------------------------------
  GAPDH    [NM_008084](NM_008084)   AGGTGACACTATAGAATACCCACTAACATCAAATGGGG   GTACGACTCACTATAGGGACCTTCCACAATGCCAAAGTT
  IRP1     [NM_007386](NM_007386)   AGGTGACACTATAGAATAACTTTGAAAGCTGCCTTGGA   GTACGACTCACTATAGGGACTCCACTTCCAGGAGACAGG
  IRP2     [NM_022655](NM_022655)   AGGTGACACTATAGAATATGAAGAAACGGACCTGCTCT   GTACGACTCACTATAGGGAGCTCACATCCAACCACCTCT
  TfR1     [BC054522](BC054522)     AGGTGACACTATAGAATATGCAGAAAAGGTTGCAAATG   GTACGACTCACTATAGGGATGAGCATGTCCAAAGAGTGC
  Dmt1     [NM_008732](NM_008732)   AGGTGACACTATAGAATAGCCAGCCAGTAAGTTCAAGG   GTACGACTCACTATAGGGAGCTGTCCAGGAAGACCTGAG
  LcnR     [NM_021551](NM_021551)   AGGTGACACTATAGAATAGCAAGGCTACCCCATACAAA   GTACGACTCACTATAGGGAAAGAGCGAGGTCTGGGAAAT
  Lcn2     [NM_008491](NM_008491)   AGGTGACACTATAGAATACTGAATGGGTGGTGAGTGTG   GTACGACTCACTATAGGGATATTCAGCAGAAAGGGGACG
  Steap3   [BC037435](BC037435)     AGGTGACACTATAGAATACTCTCTGTGCAGTCTCGCTG   GTACGACTCACTATAGGGATGCAGAGATGACGTTGAAGG
  Hmox1    [NM_010442](NM_010442)   AGGTGACACTATAGAATACCTCACTGGCAGGAAATCAT   GTACGACTCACTATAGGGACCAGAGTGTTCATTCGAGCA
  Fpn1     [AF226613](AF226613)     AGGTGACACTATAGAATATGCCTTAGTTGTCCTTTGGG   GTACGACTCACTATAGGGAGTGGAGAGAGAGTGGCCAAG
  Hamp1    [NM_032541](NM_032541)   AGGTGACACTATAGAATAGAGAGACACCAACTTCCCCA   GTACGACTCACTATAGGGATCAGGATGTGGCTCTAGGCT
  Ftl1     [NM_010240](NM_010240)   AGGTGACACTATAGAATAAAGATGGGCAACCATCTGAC   GTACGACTCACTATAGGGAGCCTCCTAGTCGTGCTTGAG
  Fth1     [NM_010239](NM_010239)   AGGTGACACTATAGAATACTCATGAGGAGAGGGAGCAT   GTACGACTCACTATAGGGAGTGCACACTCCATTGCATTC

The reverse transcription reactions were carried out with 20 units of Moloney Murine Leukemia Virus (MMuLV) reverse transcriptase (Fisher Scientific, catalog no. BP3208-1), 20 units RNase inhibitor (Fisher Scientific, catalog no. BP3225-1), RT-PCR buffer containing 10 mM Tris-HCl and 50 mM KCl; 2.5 mM MgCl~2~; 10 mM dithiothreitol; and 1 mM of each dNTP. The concentration of each reverse primer was 5 μM. 100 ng of total RNA from each sample was reverse transcribed using reverse primers. The reverse transcription reactions were incubated for 1 min at 48°C, 5 min at 37°C, 60 min at 42°C, and then 5 min at 95°C.

Real-time RT-PCR was based on the high affinity, double-stranded DNA-binding dye SYBR Green using a Bio-Rad IQ SYBR Green Supermix according to manufacturer\'s instructions. A total of 2 μl of cDNA was used in the qPCR reactions (1 × SYBR green PCR master mix, 500 nM gene specific forward and reverse primers). All qPCR reactions started with 2 min at 95°C followed by 40 cycles of 15 s at 94°C and 20 s at 55°C and 30 s at 72°C in an Applied Biosystems 7900HT Fast Real-Time PCR System. Differences in mRNA concentrations were quantified by the cycles to fluorescence midpoint cycle threshold calculation (2- \[ΔCt experimental gene- ΔCt housekeeping gene\]), using GAPDH as the housekeeping gene. Comparisons between two groups were performed with Statview 9.1.3 statistical analysis software using the Student\'s t-test. P \< 0.05 was considered statistically significant. All results are expressed as means +/- 1 standard error of the mean (SEM).

Determination of the labile iron pool with calcein-AM
-----------------------------------------------------

Relative alterations in the levels of \"labile iron pool\" (LIP) by the upregulated transferrin receptors during the infection of *Francisella*in macrophages were determined with the fluorescent metalosensor calcein-AM \[[@B29],[@B56]\]. Infection of RAW 264.7 macrophages with *Francisella*was carried at the MOI of 10. After 1 hr and 24 hrs of infection cells were detached from plates using a rubber policeman and used in suspension. Uninfected controls were maintained as well.

A total of 5.5 × 10^6^infected macrophages were washed three times with warm DMEM. The cells were suspended in DMEM and then incubated with 0.125 μM calcein-AM (Invitrogen, \#C3100MP) for 10 min at 37°C. After three washes with warm PBS to remove unbound calcein, the cells were resuspended in warm PBS. 200 μl (5 × 10^4^) of calcein-loaded cells were suspended in a 5 × 13 mm glass cuvette (Wheaton, Milleville, NJ \#225350). Fluorescence was monitored on a TD700 Fluorimeter (Turner Designs, Sunnyvale, CA) (488-nm excitation and 517-nm emission) at 37°C. After stabilization of the signal, 10 μg/ml of holo-transferrin (Sigma, \#T1283) was added to measure the changes in the intracellular calcein-bound iron pool of the infected cells. Fluorescent units were measured at one-second intervals. For comparative determination of the total cellular LIP, infected and uninfected macrophages were loaded with calcein-AM as above. Fluorescence (F) was measured exactly ten minutes after loading with calcein-AM in a TD700 fluorimeter. A cell permeable Fe-chelator was added as described (16, \[[@B29]\]. Dequenched fluorescence (Δ F) was again determined 5 minutes after addition of deferrioxamine. Both values, F and Δ F, showed a linear correlation and represent the relative total macrophage LIP.
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